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Influenza Virus Hemagglutinin Regulates Membrane Fusion by Fine-
Tuning of its Histidines
Caroline Mair1, Tim Meyer2, Qiang Huang3, Katjana Schneider1,
Thomas Korte1, Andreas Herrmann1.
1Humboldt University, Berlin, Germany, 2Free University, Berlin, Germany,
3Fudan University, Shanghai, China.
The influenza virus hemagglutinin (HA) is known to play an essential role in
virus infection. It is not only involved in cell receptor binding and uptake by
endocytosis, but moreover, after internalization and trafficking to early and
late endosomes, induces membrane fusion which leads to the release of the viral
genome into the cell. It has been shown for several influenza strains that the pH
of fusion of HA can be shifted by modulating its stability which results in
altered infectivity of the virus. However, the underlying molecular mechanisms
that lead to an altered pH dependence of membrane fusion are still unknown.
Using experimental approaches and Molecular Dynamics studies we demon-
strate that the introduction of charges in the vicinity of certain His residues
can change its protonation state, thereby influencing the pH dependant confor-
mational change of the HA protein. Histidines at key structural locations were
identified and neighboring residues were mutated in the HA of highly (HP) or
low pathogenic (LP) H5N1 and X31. Fusion activity and stability of recombi-
nant proteins and resulting virus particles were assessed by fluorescence
dequenching.
First results showed that charges, especially at position 216, in the vicinity of
His184 have a significant effect on the stability of the HA1 ectodomain in
both H3 and H5 HA. Interestingly, Arginine at position 216 is naturally present
in the H5 HP whereas the H5 LP has a Glutamate at this position. We could
show that the exchange of these charges in both variants rescues the pH depen-
dence of fusion of HP and LP, respectively. We suggest that influenza viruses
adjust their pH of activation by the exchange of charged residues in the vicinity
of conserved Histidines for optimized spread and stability.
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Lipid Tail Protrusion could Explain Fusogenic Activity in Influenza
Hemaggluttinin
Per Larsson, Peter M. Kasson.
University of Virginia, Charlottesville, VA, USA.
Influenza is both a major human pathogen and a common model system for
studying viral entry mechanisms. One outstanding question in influenza viral
entry has been the role of the membrane-inserted hemagglutinin fusion peptide.
Point mutations to the fusion peptide can either block fusion entirely, as in the
N-terminal glycine mutant (G1V), or cause arrest at hemifusion, as in the G1S
mutant. Recently, we and others have proposed that fusion stalks are nucleated
by contact of protruding acyl tails. In simulations, we have shown that native
influenza fusion peptides promote this tail protrusion.
Here, we have performed a series of simulations with wild-type fusion peptide
as well as G1V and G1S mutants. Lipid tail protrusion close to the fusion pep-
tides correlates well with experimental fusion activity, being increased for the
wild-type structure over the G1V mutant, with G1S as an intermediate. This
suggests that tail protrusion may indeed be a good marker for fusion and an im-
portant first step in the fusion process.
Our simulations also examine the role that peptide structure may play in pro-
moting fusion. We predict that the three main structural models for the fusion
peptide may interconvert based on relatively minor changes to their environ-
ment. Using lipid tail protrusion as a surrogate metric, we predict the kinked
helix model to have much greater fusion activity than either the helical hairpin
or the flat helix.
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Time-Resolved Imaging of Endosome Acidification and Single Retrovirus
Fusion with Endosomes
Sergi Padilla-Parra1, Pedro M. Matos2, Naoyuki Kondo1, Mariana Marin1,
Nuno C. Santos2, Gregory B. Melikyan1.
1Emory University, Atlanta, GA, USA, 2Instituto de Medicina Molecular,
Faculdade de Medicina da Universidade de Lisboa, Lisbon, Portugal.
Avian Sarcoma and Leukosis Virus (ASLV) enters cells by receptor-mediated
endocytosis followed by low pH-dependent fusion with endosomes. We exam-
ined the pH dynamics in virus-carrying endosomes and the relationship
between endosome acidification and ASLV fusion in cells expressing alterna-
tive receptor isoforms. The pH drop in endosomal lumen was measured by in-
corporating a genetically encoded pH sensor into the viral membrane. The
subsequent single virus fusion was visualized as the release of a fluorescentviral content marker into the cytosol. To our knowledge, this is the first imple-
mentation of real-time measurements of endosomal pH dynamics and single
virus fusion in the same experiment. We found that the pH in early acidic com-
partments harboring the virus was broadly distributed, ranging from 5.6 to 6.5.
Surprisingly, after initial acidification, the endosomal pH did not decrease
further for at as long as we could track the viral particles (up to 20 min). Anal-
ysis of the relationship between the endosome motility and lumenal pH showed
that cells expressing the transmembrane isoform of the receptor (TVA950)
preferentially sorted ASLV to slowly moving, less acidic endosomes. In con-
trast, ASLV showed no preference for fast vs. slow vesicles in cells expressing
the GPI-anchored isoform (TVA800). The rate of fusion (distribution of time
intervals between acidification and fusion) was significantly shorter and fusion
pores were larger in mobile endosomes compared to more stationary compart-
ments. In addition, TVA950 supported faster fusion than TVA800 in spite of
the same average pH values in mobile compartments of these cells. Taken to-
gether, our results revealed that the ASLV can be selectively sorted to distinct
endosomal pools and that the virus fuses with different kinetics and efficiency
with these intracellular compartments. This work was partially supported by
NIH AI053668 grant to G.B.M.
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A Novel Assay to Detect Fusion Pore Formation: Implication for Fluctuat-
ing Pore Formation
Hirak Chakraborty, Pradip K. Tarafdar, Barry R. Lentz.
UNC at Chapel Hill, Chapel Hill, NC, USA.
Membrane fusion is broadly envisioned as a three-step process proceeding from
contacting bilayers through one or two semi-stable, nonlamellar lipidic inter-
mediate states to a fusion pore. A true fusion event requires mixing of contents
between compartments. Current content-mixing assays monitor movement of
fairly small molecules. These assays seem to be unable to distinguish between
passage of trapped contents through ‘fluctuating or transient pores’ that form in
fusion intermediate states and passage through stable fusion pores. We report
the use of fluorescence resonance energy transfer (FRET) between FAM and
TAMRA probes covalently attached to complementary sequences of 10-base
pair oligonucleotides to distinguish between formation of small pores and final
fusion pores. These fluorescently labeled oligos were incorporated in two dif-
ferent populations of vesicles. Content mixing during PEG-mediated fusion of
small, unilamellar vesicles was recorded over time, with a single exponential fit
providing a rate constant. We also monitored fusion of similar vesicles using
global fitting of the time courses of lipid mixing, and content mixing/content
leakage followed by the more conventional Tb/DPA assay and obtained rate
constants from a sequential model of membrane fusion (Biophys. J., 2007,
92; 4012). The rate constants of stable fusion pore formation were strikingly
similar using the small-molecule and oligo assays but the extent of content
mixing is always higher in the small molecule assay. We found similar corre-
lations in the rates when peptides from natural fusion proteins were included in
vesicles. These results provide strong support for the hypothesis that ‘fluctuat-
ing or transient pores’ are formed early in the fusion process (Biochemistry,
1997, 36; 6251).
Supported by NIGMS grant 32707 to BRL.
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Effects of Wild Type and Mutant HA Fusion Peptides on Kinetics and
Activation Thermodynamics of Stalk and Pore Formation: Mechanistic
Implications
Hirak Chakraborty, David G. Klapper, Barry R. Lentz.
UNC at Chapel Hill, Chapel Hill, NC, USA.
Viral fusion peptides are 20-25 residue N-terminal regions of type 1 viral fusion
proteins that are known to be critical to viral infection and to promote fusion
between model membrane vesicles brought into close contact by poly(ethylene
glycol) (PRG). However, almost nothing is known about how they function.
We report the effects of wild-type (WT) hemagglutinin fusion peptide and its
G1S, G1V and W14A mutants on the kinetics of PEG-mediated fusion of
23 nm vesicles of lipid composition dioleoylphosphatidylcholine, dioleoyl-
phosphatidylethanolamine, sphingomyelin and cholesterol in a molar ratio of
35:30:15:20. Time courses of lipid mixing, content mixing, and content leakage
were obtained using fluorescence assays at multiple temperatures, and analyzed
according to a 2-step or 3-step (Biophys. J., 2007, 92; 4012) sequential model,
in order to obtain activation thermodynamics for each step of the fusion process
(Biophys J., 2012, 103: 2751). We also used fluorescence probes to monitor the
influence of peptides on bilayer interfacial and acyl chain order, bilayer free
volume and water penetration. These data were all considered in terms of
recently published mechanistic models for the transition states for each of
the steps of fusion (Biophys J., 2012, 103: 2751). WT peptide is proposed to
catalyze step 1 due to its ability to occupy membrane free volume and stabilize
88a Sunday, February 3, 2013TS1; it eliminates step 2 by destabilizing the second intermediate; and
catalyzes step 3 by favoring correlated fluctuations of lipids from cis and trans
leaflets of an unstable second intermediate. Supported by NIGMS grant 32707
to BRL.
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A Content Indicator is Critical to Assess Fast Fusion
Jiajie Diao, Axel T. Brunger.
Stanford and HHMI, Stanford, CA, USA.
In vitro reconstitution assays are commonly used to study SNARE-mediated
membrane fusion. However, many ensemble and single vesicle experiments
have been performed with lipid mixing, but not content mixing, indicators.
The fundamental assumption of using lipid mixing to study membrane fusion
is that there is a direct correlation between lipid and content mixing. Through
simultaneous detection of lipid and small content indicators, we found that
lipid mixing can occur seconds before content mixing, or without any content
mixing during the observation period (50 secs), for calcium-triggered fusion
with SNAREs, full-length synaptotagmin 1, and complexin [1]. Our study,
as well as the result from a large content mixing assay [2,3], calls into
question liposome assays that only rely on a lipid-mixing reporter to assess
fast fusion. Our results suggest that liposome fusion experiments should always
employ content-mixing indicators in addition to, or in place of, lipid-mixing
indicators.
[1] Diao, J., Grob, P.,/, Brunger, A.T. (2012) Synaptic proteins promote
calcium-triggered fast transition from point contact to full fusion. eLife, 1,
in press.
[2] Diao, J., Su, Z.,/, Ha, T. (2010) A single vesicle content-mixing assay for
SNARE-mediated membrane fusion. Nat. Commun. 1, 54.
[3] Diao, J., Ishitsuka, Y.,/, Ha, T. (2012) A single vesicle-vesicle
fusion assay for in vitro studies of SNAREs and accessory proteins. Nat. Protoc.
7, 921.
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Properties of Self-Quenching Fluorescence Dye for Vesicle-Vesicle
Content Mixing System
Woori Bae, Tae-Young Yoon.
KAIST, Daejeon, Korea, Republic of.
Since the first in-vitro demonstration of lipid mixing system using purified
neuronal components, there has been many attempts to build in-vitro system
capable of observe content mixing because neurotransmitter release is main
function of membrane fusion in synaptic terminal. To detect content mixing,
usually a reporter molecule is encapsulated inside of vesicle. Water soluble
self-quenching fluorescence molecules like calcein and sulforhodamine B
have been most successful in content mixing experiments because of their
high solubility and hydrophilicity contributing easy encapsulation and reduced
membrane permeability respectively. Nevertheless, some issues including de-
gree of self-quenching and leakage of dye remain unresolved. We investigated
self-quenching property of sulforhodamine B up to 100mM concentration using
microscopy system and conventional fluorometer system. We first measured
self-quenching property of sulforhodamine B in free solution up to 100mM
concentration. Because of excitation light depletion occurring at high concen-
tration, conventional fluorometer measurement is not applicable in this
concentration region. So we used TIRmicroscopy system to obtain correct fluo-
rescence signal of high concentration solution to found that sulforhodamine B
is 99.9%(1000X) quenched at 100mM concentration in free solution. Next we
made sulforhodamine B encapsulating 50nm size vesicle using extrusion and
found that sulforhodamine B is only 90%(10X) quenched when encapsulated
inside of a 50nm diameter vesicle. In single vesicle fusion system, this self-
quenching property of vesicle encapsulated sulforhodamine B gives increasing
fluorescence signal only with occurrence of content mixing thereby enables
straightforward fluorescence signal interpretation - signal increase is content
mixing and signal decrease is leakage.
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VAMP2 Forms Ring Structures in Lipid Bilayers
Hirohide Takahashi, Ian W. Fyfe, J. Michael Edwardson.
University of Cambridge, Cambridge, United Kingdom.
Intracellular membrane fusion events are mediated by the soluble N-ethylma-
leimide-sensitive factor attachment protein receptors (SNAREs). At the nerve
terminal, vesicle-associated membrane protein 2 (VAMP2) on the vesicle
membrane (v-SNARE) interacts with a binary complex of syntaxin 1 and
SNAP-25 on the target plasma membrane (t-SNAREs) to form a four-helix
bundle that drives fusion. Although the SNAREs have been studied exten-
sively, there is still little information about the spatial arrangement of these pro-
teins in the vesicle and plasma membranes.We analyzed the behavior of VAMP2 and the t-SNAREs reconstituted in
lipid bilayers using atomic force microscopy (AFM) imaging under fluid.
We found that VAMP2 formed ring-shaped structures in the lipid bilayers
whereas the t-SNAREs existed as globular structures. Molecular volume
analysis indicated that a typical VAMP2 ring contains about eight VAMP2
monomers. Interestingly, the VAMP2 structures were more prominent in
bilayers containing cholesterol, indicating that cholesterol directly affects the
arrangement of VAMP2 in the bilayer. Rings were not seen with the yeast
v-SNARE Snc2p, suggesting that they may be a feature specific to the neuronal
v-SNARE.
We propose that the ability of VAMP2 to arrange itself into ring-like assem-
blies might play a role in organizing SNARE complexes during synaptic vesicle
fusion.
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Fast Snare Mediated Synaptic Vesicle Fusion in Supported Membranes
Volker Kiessling1, Saheeb Ahmed2, Marta K. Domanska1,
Matthew G. Holt2,3, Reinhard Jahn2, Lukas K. Tamm1.
1University of Virginia, Charlottesville, VA, USA, 2Max-Planck-Institute for
Biophysical Chemistry, Go¨ttingen, Germany, 3VIB Center for the Biology of
Disease, Leuven, Belgium.
In vitro reconstitution experiments have played an essential role in a large body
of research on SNARE-mediated membrane fusion. One of the open questions
is how well reconstituted membranes with recombinant proteins approximate
the physiological membrane.
Here we report experiments from a hybrid system consisting of purified synap-
tic vesicles from rat brain and Syntaxin 1a/SNAP25 containing supported mem-
branes prepared from lipid extracts and recombinant protein. Using total
internal reflection fluorescent microscopy (TIRFM), we observed membrane
labeled single vesicles as they approached, docked and fused with the plasma
membrane-mimicking supported bilayer with ms time resolution. Docking of
vesicles could be inhibited by preincubating the acceptor SNARE complex
containing supported membrane with the soluble Synaptobrevin fragment
Syb2(1-96) or by using protein free membranes. Analyzing the time delay
between docking and onset of fusion, we were able to determine the fusion
kinetics under different salt conditions. Synaptic vesicle fusion in these hybrid
systems showed first order kinetics with typical time constants between 35 ms
and 70 ms.
We compare the data with results from experiments in which the synaptic
vesicles were replaced by proteoliposomes containing recombinant Synapto-
brevin2 and Synaptotagmin1. Docking and fusion was observed by following
the fluorescence originating from membrane and content labels.
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SNARE-Mediated Fusion Pore Dynamics from Quantitative TIRF
Microscopy
Benjamin S. Stratton1, Zhenyong Wu2, Jason M. Warner1, George Wei1,
Erdem Karatekin2, Ben O’Shaughnessy1.
1Columbia University, New York, NY, USA, 2Yale University, New Haven,
CT, USA.
Neurotransmitter and hormone release occurs when vesicles filled with these
cargoes fuse with the plasma membrane. Electrophysiological recordings
from neuroendocrine cells and neurons indicate the initial connection between
the vesicular and the plasma membrane is a small, highly dynamic pore that can
rapidly flicker between open and closed (unfused) states before either fully ex-
panding or permanently closing (‘‘kiss and run’’ fusion). The dynamics of the
fusion pore regulate the release process and have been proposed to play impor-
tant physiological roles for different cell types. However, the molecular mech-
anisms governing the pore dynamics are not known. To examine this problem
we have used a recently developed in vitro fusion assay in which fluorescent
liposomes reconstituted with the neuronal v-SNAREs (v-SUVs) dock and
fuse with planar bilayers containing cognate t-SNAREs (t-SBLs). Upon fusion,
fluorescently labeled lipids transfer from the SUV to the SBL. Under appropri-
ate conditions, this transfer results in a change in the total fluorescence due to
the properties of TIRF excitation. Here, using a mathematical model for lipid
release through a flickering pore we show that the quantitative analysis of
the total intensity changes upon fusion allows extraction of the pore connectiv-
ity, C_pore, the mean fraction of time the pore is connected. The single-
molecule sensitivity of the measurements allowed us to determine the sizes
of individual fusing vesicles of sub-optical dimensions. We have studied
how the fusion pore dynamics depend on the lipid composition and vesicle
size. Cholesterol, when included at physiological quantities, increases the
pore connectivity, whereas vesicle size has little influence on the pore dynamics
and the fusion probability.
